Genetic homogenization has been recognized as a serious threat in an increasing number of species, including many salmonid fishes. We assessed the rate and impact of immigration from the main hatchery stocks of Atlantic salmon in the Gulf of Bothnia into one of the largest wild salmon populations in the Baltic Sea, the River Vindelä lven, within a temporal framework of 18 years (from 1985-2003). We provide genetic evidence based on mtDNA and microsatellite markers, using mixed-stock analysis, that a large proportion (66%) of fin-damaged spawners (n ¼ 181) caught in the Ume/ Vindelä lven during 1997-2003 originated from the hatcheries in the Rivers Å ngermanä lven, Luleä lven and Ljusnan. The maximum-likelihood estimate of immigration rate from these hatcheries into the wild Vindelä lven population was 0.068 (95% CI 0.021-0.128) over the studied time period (1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003) and reached up to a quarter (m ¼ 0.249, 95% CI 0.106-0.419) of the total population during 1993-2000. This resulted in significant (Po0.01) genetic homogenization trend between the wild Vindelä lven population and hatchery stocks of the Å ngermanä lven and Luleä lven. Our results demonstrate extensive straying from geographically distant hatchery releases into wild salmon population and emphasize the genetic risks associated with current large-scale stocking practices in the Baltic Sea. Heredity (2005) 95, 76-83.
Introduction
Genetic homogenization reduces the spatial component of genetic diversity and has been recognized as a serious threat in increasing number of species (Olden et al, 2004) . Human-mediated interbreeding between previously discrete populations can reduce the fitness of populations by homogenizing unique gene pools and disrupting local adaptations (Utter, 2001; Allendorf et al, 2001 ). This effect is of particular concern in Atlantic salmon (Salmo salar L.) because both intentional and unintentional (eg farm escapes) introductions are common throughout its distribution. The proportion of escaped Atlantic salmon from the aquaculture industry has been estimated to comprise 20-40% of salmon caught in the salmon fishery of North Atlantic (Hansen et al, 1999) , and hybridization between domesticated and wild fish has been generally recognized as a severe threat to indigenous gene pools of native populations (eg Hindar et al, 1991; Einum and Fleming, 1997; McGinnity et al, 2003) .
Currently, 80-90% of the Atlantic salmon in the Baltic Sea originates from hatcheries (ICES, 2003) . The main reason for the decline in wild salmon populations in the Baltic Sea has been the construction of power plants and dams. Large-scale 'compensatory' hatchery reproduction programmes have been established based on brood-fish of native, non-native or mixed origin. However, it is widely accepted that many hatchery farming and release practices increase the amount of straying (reviewed by Quinn, 1993) . For hatchery-reared Atlantic salmon, more than twice the straying rate of wild conspecifics has been reported (Jonsson et al, 2003) . Nevertheless, the largescale release practices in the Baltic Sea have not been recognized as a potential threat to indigenous gene pools.
In this study, we used genetic markers to assess the rate and impact of immigration from compensatory hatchery releases into one of the largest wild Atlantic salmon populations in the Baltic Sea, the River Vindelälven (average annual run size 1447 spawners), which is a tributary to the River Umeälven and joins it about 30 km from the coast. The Ume/Vindelälven system supports both wild and reared Atlantic salmon. The hatchery stock of the Umeälven originates from the wild Vindelälven population and about 100 000 reared smolts (with adipose fins removed since 1971) are released annually to compensate for lost production caused by power plant dams. A fish-trap below the Norrfors hydroelectric dam 20 km upstream from the river mouth enables complete assessment of all ascending salmon. During the second half of 1990s, an increasing number of salmon with damaged fins and scales have been detected, characteristic of intensive hatchery-rearing practices (see electronic appendix http://www.eau.ee/ lki/kalakasv/supplement2/). It was suspected that these fish might originate from releases of non-native hatcheries, which do not mark their smolts by removing adipose fin. The first aim of the present study was to reveal the origin of these suspected non-native hatchery fish in the Ume/Vindelälven by using mtDNA and microsatellite markers. Secondly, we estimated the rate and effect of immigration on the genetic composition of the wild Vindelälven salmon population during the period from 1985 to 2003.
Materials and methods

Salmon samples
Samples of the suspected immigrants (ascending adult salmon with intact adipose fin but with damaged fins and scales, total of 181 fish) were collected in the Norrfors fish-trap of the Ume/Vindelälven (Figure 1 ) during the period from 1997 to 2003 (1997 n ¼ 37; 1998 n ¼ 34; 1999 n ¼ 42; 2000/2001 n ¼ 27; 2002/2003 n ¼ 41) . Baseline populations for the mixed stock analysis were chosen to represent all major hatchery stocks of Gulf of Bothnia from which the suspect fish may have originated. These nine hatchery stocks (Table 1, Figure 1 ) contribute approximately 89% of all artificial smolt production in the Gulf of Bothnia.
To assess the immigration rate and potential genetic impact of compensatory releases on the wild Vindelälven population, a total of 431 ascending adults of putative wild and hatchery origin (discriminated by the presence or absence of the adipose fin, respectively) caught in the Norrfors fish-trap during 1985-2003 were sampled (Table 1) .
DNA analyses
Total DNA was extracted from frozen or ethanolpreserved adipose/muscle tissue (Laird et al, 1991) . Extraction of DNA from dried scale samples collected during 1985-1988 from the Ume/Vindelälven was performed using a QIAGEN DNeasy Tissue Kit.
Six microsatellite loci (Ssa202, Ssa197, Ssa171, Ssa289, SSOSL417, SSOSL85) were amplified according to the PCR conditions of Koljonen et al (2002) and genotyped by using denaturing polyacrylamide gel electrophoresis or a CEQ8000 capillary sequencer (Beckman Coulter). For the dried scale samples, an increased number of PCR cycles (35-40) was used. Reference samples with known genotypes were used throughout the analysis to ensure consistent scoring of allele sizes.
RFLP analysis of the mtDNA ND1 gene region was carried out according to Nilsson et al (2001) except for the dried scales samples where specific primers (Knox et al, 2002) were used to amplify shorter ND1 gene fragments suitable for the analysis of partially degraded DNA; they contained all known polymorphisms. The mtDNA haplotypes were designated as in Nielsen et al (1996) .
Statistical analyses
Deviations from Hardy-Weinberg (H-W) equilibrium expectations at microsatellite loci were tested using an exact test approximation (Guo and Thompson, 1992) including a test for heterozygote deficiency as implemented in GENEPOP 3.1b (Raymond and Rousset, 1995) . Multilocus estimates of significance for H-W equilibrium were obtained using Fisher's exact test. Genetic differentiation between samples at microsatellite loci was quantified using Weir and Cockerham (1984) F ST estimates and their significance was tested by permuting individuals between samples using ARLEQUIN 2.0 software (Schneider et al, 2000) . Additionally, exact tests for differences in microsatellite allele frequencies were performed as implemented in GENEPOP 3.1b. The 25th and 75th percentiles for the F ST estimates were calculated by bootstrapping individual genotypes within temporal samples (2000 replicates) using software POPTOOLS 2.6 (http://www.cse.csiro.au/poptools/). Homogeneity of mtDNA haplotype frequencies between samples was tested using a chi-square test. Bonferroni adjustments (Rice, 1989) were applied to correct for the effect of multiple tests.
A Bayesian approach of mixed-stock analysis (MSA) developed by Pella and Masuda (2001) and implemented in the software package BAYES (ftp://wwwabl.afsc. noaa.gov/sida/mixture-analysis/bayes) was used for estimating the proportions of non-native fish among suspected immigrants in the Ume/Vindelälven based on variation at microsatellite loci and the mitochondrial ND1 gene. Nine hatchery stock from the Gulf of Bothnia were used as baseline samples (Table 1 ). The Bayesian 
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A Vasemägi et al approach of MSA calculates the posterior probability distributions of the population composition in the mixture sample assuming H-W and linkage equilibrium. It has been demonstrated that the Bayesian implementation of MSA results in more accurate estimates than commonly used likelihood methods that ignore baseline sampling error (Pella and Masuda, 2001 ). In addition, when the stock-mixture proportions are uneven, the Bayesian approach has a smaller bias than the likelihood methods that tend to underestimate the contribution from abundant populations and overestimate the proportion from less common stocks (Pella and Masuda, 2001) . To determine the appropriate length of the MCMC chains and to monitor convergence of multiple chains, standard procedures were followed as recommended in the BAYES user manual (5000 iterations in each of nine independent chains, burn-in period of 2500 iterations).
Immigration rates (m) from non-native hatcheries into the wild Vindelälven population during the period from 1985 to 2003 were estimated by maximum-likelihood method developed by Wang and Whitlock (2003) and implemented in the computer program MLNE 1.0 (http://www.zoo.cam.ac.uk/ioz/software.htm). Temporally spaced samples from the Vindelälven were divided into four groups: (i) 1985, 1986 and 1988; (ii) 1993 and 1995; (iii) 1999 and 2000 (iv) 2002 and 2003 , and a mean generation length of 4.5 years was assumed.
The statistical significance of the temporal decline in F ST estimates between the wild R. Vindelälven population and potential sources of immigrants (non-native hatchery stocks) was tested using Monte-Carlo simulations similar to those of Hutchinson et al (2003) . Briefly, individuals from temporally spaced samples were pooled and subsamples with the same size as in the observed data set were randomly formed using the software POPTOOLS 2.6. A linear regression coefficient was calculated, based on F ST estimates between the randomized subsamples of the Vindelälven and potential donor stocks of immigrants. The procedure was repeated 2000 times and the observed regression coefficient was then compared with the distribution obtained from randomly reordered data to evaluate whether the observed pattern could be explained by chance alone.
To illustrate the expected temporal decline in F ST estimates between the wild Vindelälven population and potential sources of immigrants, different rates of unidirectional gene flow into the R. Vindelälven population were simulated (four generations, 2000 replicates). Samples collected during 1985-1995 from the wild Vindelälven population were pooled and resampled with replacement to serve as a basis (generation 0) for subsequent introgression simulations using POPTOOLS 2.6.
Results
H-W equilibrium and level of differentiation
No significant deviations from H-W equilibrium across the six microsatelllite loci were observed in wild or hatchery samples from the Ume/Vindelälven. Temporal samples of the wild Vindelälven population (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) were not significantly differentiated from each other at mtDNA or across the six microsatelllite loci (F ST ¼ 0-0.008). However, the exact test for differences in microsatellite allele frequencies between temporal samples of the Vindelälven population resulted in five significant (Po0.05) pairwise comparisions out of 15 (Table 2 ). Significant temporal variation was found between two Umeälven hatchery samples (1995 vs 2002) at the microsatellite loci (exact test Po0.001; F ST ¼ 0.014, Po0.01) but not the mtDNA. The differences between the wild Vindelälven samples and nine baseline hatchery populations were highly significant (Po0.001) for all pairwise comparisions using exact tests. Significant differentiation between the Vindelälven and the nine hatchery samples was also detected in the test based on permuting individuals between samples (F ST ¼ 0.01-0.117; Po0.05), except for the pairwise comparison of VIN 1985 , 1986 , 1988 and IND 1995 , 1997 sample (F ST ¼ 0.001; P40.05) ( Table 2 ). Genetic diversity indices Spatio-temporal analysis of immigration in salmon
for the microsatellite loci and the mitochondrial ND1 haplotype frequencies are provided in Table 3 .
Genetic origin of suspected immigrants Highly significant genetic differentiation at mtDNA (Po0.001; Figure 1 ) and at four microsatellite loci out of six (exact test Po0.001; F ST ¼ 0.011 across six loci, Po0.001) was detected between the fin-damaged and all other adult salmon collected in the Norrfors fish-trap of the Umeälven, which suggests the presence of nonnative individuals among the damaged fish. This conclusion was further supported by a significant (Po0.01) deficiency of heterozygotes among the findamaged fish, which is typical of a mixture of populations that differ in allele frequencies (a Wahlund effect).
The results of MSA indicated that majority (66%) of the fin-damaged salmon caught in the Ume/Vindelälven during 1997-2003 originated from hatcheries from the Å ngermanälven (37%), Luleälven (21%) and Ljusnan (8%), while approximately 30% of fishes classified are of Ume/Vindelälven origin ( Table 4 ). The estimated contribution of five other hatcheries was not significantly different from zero.
Temporal and spatial analysis of immigration Maximum-likelihood estimates of immigration from the three major hatchery contributors (the Å ngermanälven, Luleälven and Ljusnan stocks) into the wild Vindelälven population were significantly higher than zero throughout the study period (m ¼ 0.068, 95% CI 0.021-0.128) as well as for shorter time intervals (Figure 2 Genetic homogenization trend A significant temporal decline in F ST estimates between samples of wild Vindelälven population and Luleälven (b ¼ À0.00044, Po0.01) and Å ngermanälven (b ¼ À0.00037, Po0.01) hatchery stocks, which contributed the major part of the fin-damaged strays, was observed (Figure 3 ). Simulations using different unidirectional migration rates (m 1 ¼ 0.07, m 2 ¼ 0.25) from hatchery stocks of the Å ngermanälven, Luleälven and Ljusnan (in the ratio 4 :2 : 1, respectively) into the wild Vindeläl-ven population showed the sharpest decrease in F ST values after the first generation and relatively slow decline in F ST when m r0.07 (Figure 3 ).
Discussion
Sources of immigrants
This study provides genetic evidence of immigration from geographically distant compensatory hatchery releases into a wild Atlantic salmon population (from the Vindelälven) in the Baltic Sea by using two independent data sets (fin-damaged spawners from 1997 to 2003, and returning adults without obvious damage from 1985 to 2003) and different analytical procedures (mixed stock analysis, maximum likelihood estimation of immigration). We showed that a large Table 2 Tests for genetic differentiation between pairs of samples based on six microsatellite loci TOR 1 994, 1995 IIJ 1997 OUL 1997 LUL 1995 , 1997 SKE 1995 , 1996 Å NG 1995 IND 1995 , 1997 LJU 1997 , 1998 VIN 1985 , 1986 , 1988 VIN 1993 , 1995 
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A Vasemägi et al 1994, 1995 1997, 1999 1997 1995, 1997 1995, 1996 1995 1995, 1997 1997, 1998 1985, 1986, 1988 1993, 1995 1999 2000 2002 2003 1995 2002 1997-2003 (n -number of individuals studied; A -observed number of alleles per locus and sample; observed (H O ) and expected (H E ) heterozygosity; AAAA, AABA, BBBB -mtDNA haplotypes according to the nomenclature of Nielsen et al (1996) )
Spatio-temporal analysis of immigration in salmon
proportion (66%) of fin-damaged salmon spawners (adipose fin present) caught 20 km upstream in the Ume/Vindelälven originated from three non-native hatchery releases. Detection of the Luleälven hatchery as one of the major immigrant sources was not unexpected for several reasons. First, the Luleälven hatchery production (over half a million smolts per year) is the second largest in the Baltic Sea. Second, the Luleälven hatchery stock has been formed by mixing salmon from different origins (from the rivers Luleälven, Å ngermanälven, Skellefteälven, Indalsälven and Ume/ Vindelälven). Candy and Beacham (2000) showed that artificially made hybrid stocks of chinook salmon (Oncorhynchus tshawytscha) exhibited three times higher straying rate than the native stock, when released at the same time and location, suggesting that hybridization could lead to an elevation of straying. The amount of hatchery releases into the Å ngermanälven is around 200 000 smolts per year, being approximately twice as much as released annually from the Skellefteälven and Umeälven hatcheries. The third immigrant source, the Ljusnan, releases approximately 185 000 smolts per year but being more distant from the Ume/Vindelälven it contributed only a small proportion of the suspected immigrants.
As our temporal sampling strategy was based on returning adult salmon in the Ume/Vindelälven, the current study does not demonstrate interbreeding between hatchery strays and native salmon. Furthermore, the proportion of non-native adult salmon caught in a non-natal river is not necessarily equivalent to the effective gene flow into native population (eg Griffith et al, 1999) . For that reason, the key question is, how big a proportion of non-native hatchery fish actually spawned successfully (interbred) in the Vindelälven. Considering that the number of juveniles with obvious damage among strays is unknown, it is possible that the identified non-native fish constituted only a small proportion of the total number of immigrants. Consistent with this possibility, immigration rate estimates were significantly higher than zero over all the time periods studied, reaching up to a quarter of the total effective population size during 1993-2000. Moreover, as expected Increased genetic impact of hatchery releases: M74 hypothesis Elevated immigration rate into the Ume/Vindelälven system during the period from 1993 to 2000 and the decline in genetic differentiation between the wild Vindelälven population and two major immigrant sources after 1995 raises the obvious question why this happened just during this period, given that large-scale hatchery releases had previously been carried out in the Baltic Sea for more than 40 years. As one possible hypothesis, we suggest that the increased genetic impact of compensatory releases on the wild populations could be associated with the outbreak of M74 disease syndrome in the Baltic during 1990s (Hansson et al, 2001) . Estimated M74 mortality among salmon fry in the Umeälven hatchery was highest during 1992-1996 ranging from 69 to 90% (ICES, 2003) . M74 is associated with the low levels of vitamin B1 (thiamine) in salmon eggs and fry, and hatcheries have routinely used thiamine treatment of fry since 1995 to prevent the development of M74 syndrome. As a result, the production of hatchery-reared salmon has stayed high and relatively stable, while the effect of M74 on the wild populations may have been devastating as was observed in the Vindelälven, where the lowest parr density estimates were recorded during the years of high M74 incidence. M74 might, therefore, have been responsible for changing the ratio between breeders of wild and hatchery origin and could, hence, have increased the genetic impact of compensatory releases on wild populations during the second half of 1990s. However, the cause of the increase in non-native hatchery salmon with fin and scale damage in the Ume/Vindelälven during the second part of 1990s remains unclear.
